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SUMMARY 


Soil samples, collected 0.5 to 3 km from the Titan III Launch Complex 40 at Cape 
Canaveral, Florida, were fractionated and analyzed in order to assess the physical 
and chemical interactions of entrained soil with solid-rocket exhaust clouds con- 
taining HCl . The sandy soil consisted primarily of quartz (silica) particles, 

30 to 500 in diameter, but the larger-size fractions also contained several 
percent of seashell fragments. Differential and cumulative soil-mass size distribu- 
tions are presented along with estimated sedimentation lifetimes, mineralogy, ele- 
mental compositions, and solution pH histories obtained during sequential titration 
of soil-fraction slurries with aqueous HCl. About 90 percent of the soil mass con- 
sisted of particles with a diameter greater than 165 \m» Initially, all fractions 
were slightly alkaline. Characteristic reaction times with HCl(aq) varied from a few 
minutes to several days, and capacities for reaction under acidic conditions varied 
from >10 to >40 g HCl/kg soil, depending on particle size. Airborne lifetimes of 
particles greater than 165 ^m are conservatively less than 30 min, and this major 
grouping is predicted to represent a small short-term chemical sink for HCl (5 per- 
cent of total HCl). The smaller and more minor fractions (less than 10 percent with 
a diameter less than 165 jjm) must also be considered, since they may act as giant 
cloud condensation nuclei (larger than 50 [om) over much longer airborne lifetimes, 
and with decreasing size their reactive capacity increases in both rate and extent. 
Finally, the demonstrated time dependency of neutralization (or buffering) is a com- 
plicating factor. This time-dependent neutralization not only influences the ability 
to deduce in-cloud HCl scavenging with reaction prior to dry or wet deposition but 
it also affects the accuracy of measured chemical compositions of near-field wet 
deposition occurring during the first few minutes and lasting up to several hours . 
Thus, for several reasons, entrained-soil particles can influence the composition and 
environmental impact of solid-rocket exhaust clouds. 


INTRODUCTION 

Large, but very imprecisely known, quantities of sandy soil (e.g., 10 to 
50 metric tons) at the Air Force Cape Canaveral launch sites for Titan III are 
entrained into each solid-rocket-motor (SRM) exhaust cloud and then transported 
downwind until dry or wet deposition occurs. The entrainment initially occurs as a 
result of high-velocity plume impingement in the pad-flame trench area, and it 
subsequently occurs as a result of high surface winds characterized as "fire storm" 
convective effects. (See ref. 1.) The entrained-soil particles in the dry state 
will coagulate and scavenge alumina -exhaust particles. (See ref. 2.) Simulta- 
neously, they will settle at relatively high rates, compared with the smaller alumina 
particles, thus leading to readily measurable dry or wet deposition downwind. (See 
refs. 3 to 6.) The sedimentation rate depends on particle agglomerate size, density, 
and shape. The soil particles can also serve effectively as giant cloud condensation 
nuclei (refs. 7 and 8), and they may react chemically; that is, they may scavenge and 
react with gaseous and aqueous HCl aerosol during sedimentation, and then react 
further with available acid after wet deposition. Significant adsorption occurs even 
in the case of quartz (silica) particles. (See refs. 9 to 11.) 


The present paper provides basic data on these soil particulates and an 
assessment of the principal physical and chemical processes that occur during and 
after a launch. Specifically, it summarizes efforts to (a) characterize, with a 
gravimetric sieving technique, the size distributions of Cape Canaveral soil and a 
postlaunch-pad-debris sample, both of which were obtained near a Titan III launch 
Complex (LC-40), and to (b) measure the neutralizing capacities of classified soil 
particle fractions by titration of aqueous suspensions with HCl , The data are then 
used to assess differential particle settling, particle size and time-dependent reac- 
tion effects in aqueous HCl, and the probable overall effects of soil particulates in 
Titan III SRM exhaust clouds. Although some of the aforementioned results were sum- 
marized recently in conjunction with other chemical studies of the soil and silica 
samples (ref. 12), the present paper documents the complete set of results obtained 
by the Langley Research Center. 


SYMBOLS 

d soil particle diameter 

P 

d sieve mesh size 

s 

F cumulative mass fraction 

m 

m(HCl) molarity of aqueous HCl, mole HCl/liter 

pH measure of acidity due to H“*'(aq); defined for an idealized solution of 

fully dissociated HCl(aq) by log-| q [ 1 /m ( HCl ) ] 

AX incremental mass fraction 

m 

p particle density 

P 

Abbreviations : 

KSC Kennedy Space Center 

LC-40 Launch Complex 40 

SRM solid rocket motor 


COLLECTION AND FRACTIONATION OF SOIL SAMPLES 

Representative samples of the topmost layer of sandy soil and also a postlaunch- 
pad-debris sample were collected at Cape Canaveral, Florida, in the vicinity of the 
Titan III launch site, LC-40, The soil samples (denoted as KSC) were obtained during 
monitoring activities of Titan III exhaust effluents on March 11-12, 1975, for soil 
and on August 20, 1977, for pad debris. Three of the four soil samples were taken 
approximately downstream of the horizontal flame trench, and the fourth was collected 
3 km to the south, outside the influence of the flame trench. Soil samples were 
obtained by scraping the top few millimeters of an unobstructed flat 3-m^ area. Soil 
sample 1 was taken approximately 550 m from the LC-40 pad in an ENE direction at 70° 
from due north. Soil samples 2 to 4 were obtained at the following locations: 790 m 
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at 73°, 700 m at 65°, and 2930 m at 180°, respectively* All the soil samples are 
believed to contain locally dredged river soil that was originally used in the early 
1960*s to build up the outer-cape launch-complex areas (according to communication 
with Clair W. Bemiss of the Kennedy Space Center)* Soil sample 1 is considered, 
because of its location, the most representative of the surface soil and accumulated 
debris which typically becomes airborne during a launch from LC-40 as the result of 
flame-trench plume -impingement and cloud rise dynamics. For this reason, particle- 
size distributions and acid titrations with pH measurements were focused primarily on 
soil sample 1* 

The pad-debris sample was obtained by post launch vacuuming of a preselected 3-m 
area, on the concrete pad of LC-40, which had been vacuumed clean just prior to 
launch. The purpose of the pad sample was to provide a first characterization of the 
airborne debris which typically deposits in the immediate vicinity of the launch 
site. 


Each soil and pad-debris sample was classified into 14 size categories by using 
a multistage calibrated-screen sifting technique (a sonically vibrated sifter). Two 
sequential multiscreen processing steps, each several minutes long, were used to 
classify the larger- and smaller-size groupings. The subsamples retained on each 
screen were transferred to weighing paper, massed on an analytical balance, and then 
photomicrographed. Conservation of sample mass was demonstrated after fractionation. 


RESULTS 

Characterization of Fractions 

The resulting raw-mass -retention data for KSC soil sample 1 are shown on a log- 
log plot in figure 1 . Note that for sieve mesh size d^, the logarithmic size- 
interval spacings for d^ > 149 ^im differ from that for d^ < 149 (jjn* This was a 
characteristic of the screen set used. 

Results of an independent fractionation and mineralogical analysis of sample 2 
are shown in table I. (See refs. 9, 10, and 12.) The sample is obviously hetero- 
geneous in composition since it consists of quartz, mica, feldspar, heavy minerals, 
organic matter, and clay. The particle sizes range from smaller than 2 pm to larger 
than 1000 pm. It is noted that 88 percent of the medium-sand fraction is quartz. 
Significant quantities of seashell fragments were also observed in the f ine-to-coarse 
particle-size fractions. 


Power -Law Cumulative Soil -Mass Distributions 

The distributions for normalized cumulative mass fraction F^ for soil sample 1 
and the post launch-pad-debris sample are plotted on log-log coordinates in figure 2. 
Simple straight-line power-law fits are shown to be accurate representations of F^ 
as a function of particle diameter d^ over the range of 37 jjjn < dp < 200 pm, but 

they are totally inadequate for dp > 200 pm. For soil sample 1 only about one part 

in 10"^ (by mass) is smaller than 37 pm. The comparable mass abundance for postlaunch 
pad debris is one part in 250. Photomicrographs of the pad-debris sample contained 
in the final sift bag (d^ < 37 pm) indicated a large portion of alumina-like spheres 
( «50 percent by number) which fell almost exclusively within the size range from 

5 to 20 pn. (Smaller spheres attached to soil particles were also observed but 

were not included in the 50 percent estimate.) The observed difference between the 
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TABLE I.- FRACTIONATION AND MINERALOGICAL ANALYSIS OF THE 
SAND FRACTION OF SAMPLE 2^ 


(a ) Fractionation analysis 

The most active fraction is the organic matter 
and clay. The clay is composed of 2:1 inter- 
stratified minerals such as kaolinite, gibbsite, 
and quartz 


Fraction 

Size range, jjm 

Weight, percent 

Organic matter 


0.53 

Clay 

<2 

.04 

Silt 

50 to 2 

1 .01 

Very fine sand 

105 to 50 

1.79 

Fine sand 

250 to 105 

32.86 

Medium sand 

500 to 250 

51.97 

Coarse sand 

1000 to 500 

1 1 .03 

Very coarse sand 

>1000 

.77 

Total 


100.00 


(b) Mineralogical analysis 

Heavy minerals are minerals with a specific gravity greater 
than 2.86. They include epidote, hornblende, zircon, 
apatite, tourmaline, magnetite, and ilmenite 


Size range, pm 

Mineral 

Content, percent 

500 to 250 

Quartz 

88 


Mica 

5 


Heavy minerals 

6 


Other 

1 

105 to 50 

Quartz 

60 


Feldspar 

6 


Mica 

2 


Heavy minerals 

32 


^Data were obtained from references 9, 10, and 12 after 
soil sample 2 was split for analysis. 



respective values at dp < 100 pin is consistent with the presence of SRM- 

de rived alumina in the post launch -pad-debris sample. 


Log-Parabolic Differential and Cumulative Soil-Mass Distributions 


Since detailed calculations of soil-particle sedimentation with coagulation 
require a comprehensive characterization of the mass -size distribution extending 
beyond 200 \sn, the data on all four soil samples were analyzed to find a satisfactory 
aver age -distribution function. Recall first that the raw data in figure 1 are not 
normalized to mass fraction and, furthermore, do hot represent a consistent differ- 
ential distribution since the sieve-size interval changed at 149 pm. Thus, the 
incremental mass -retention data on all four soil samples were first normalized to 
incremental mass fraction retained per unit of logarithmic size interval which 

originally applied for d^ < 149 pm, and is expressed as 


M 

P 



( 1 ) 


The resultant normalized differential mass-fraction data for all four soil 

samples are shown in figure 3. The collective data for the two or three smallest 

particle-size fractions suggest that there is an apparent curvature or "tailing” in 

the data. Since this tailing can be considered (a) consistent with a log-normal 

distribution, (b) the beginning of a transition to the smaller particle mode of a 

bimodal distribution, or (c) due to systematic experimental error, a simple log- 

parabolic distribution function was chosen to fit the data initially. Therefore, a 

trial-and-error best-fit normalized function is faired through the data in figure 3, 

and the corresponding expression for incremental mass fraction of soil AX^, with 

particle size between d and d + Ad , is given by 

P P P 




{<F- ')■ 


AX ^ 

I — 
p Ad 


= a + bz + cz 


(2a) 


where z 




which is nondimensional, and 


a = -37.78 
b = 30.89 
c = -6.44 


It can be shown that equation (2a) reduces to the differential form when lim AX^ -► 0. 
Thus , 


2.3026 


^ ^a+bz+cz 


2 


dX 


dz 


(2b) 



The corresponding normalized cumulative mass fraction of soil with particle diameters 
<dp is then defined by the integral of equation (2b): 



An examination of data fit in figure 3 indicates some relatively small but 
noticeable differences among the samples and also the possible need for a higher- 
order function such as log-normal or log-cubic in order to achieve an improved fit, 
especially if more extensive data are available. Presently, however, the character- 
ization is considered adequate for the applied problem in view of other large uncer- 
tainties, such as the initial vertical distribution of entrained soil mass aloft and 
the variability and complexity of chemical properties as a function of size. 

The normalized cumulative mass-distribution data for all four soil samples are 
plotted in figure 4, and the data are faired with the integrated log-parabolic dis- 
tribution function (eq. (3)) deduced from analysis of figure 3. Again, the data on 
different soil samples deviate somewhat, and the fit with equation (3) could probably 
be improved upon as previously discussed. 

Finally, the cumulative sonic-sifter data in figure 4 can be compared with 
the independently obtained results for sample 2 shown earlier in table I. For 
d >150 jjm, the data in figure 4 agree closely with an interpolation of the 
tabulated results, with both accounting for «93 percent of the total mass. How- 
ever, the present data indicate a mass fraction for particles of d < 50 |im 
(0.025 percent), which is considerably smaller than that shown in t§ble I (1.05 
percent if neglecting organic matter). These differences could have stemmed from 
uneven division of the original bulk sample, subsequent handling, and also the 
initial aqueous -peroxide -oxidation and drying step that was used to assay organic 
matter in the data in table I prior to fractionation. 


Sedimentation of Entrained Soil Mass 

Now that the probable initial distribution of entrained soil mass has been 
defined, it is possible to characterize the distribution of soil-particle lifetimes 
in an SRM exhaust cloud that are a result of any assumed initial condition. Sedi- 
mentation rates for spherical particles of specified density, falling at terminal 
velocity in air at 21 ®C and atmospheric pressure, were read graphically from refer- 
ence 13. These were originally calculated from Stokes law for particles in the size 
range of 10 < d <40 pm, and from an intermediate transition expression (to Newton's 
law) for particles in the size range of 40 < d^ < 1000 pm. 

A characteristic settling time, which is equivalent to the airborne lifetime, 
was, thus, calculated for spherical particles having a density of 2 and 3 g/cm3 that 
v^ere falling 1000 m in still air. The results, shown in figure 5, indicate a large 
and significant variation in settling time for the particle range of interest. For 
example, when dp > 200 pm the settling time will be less than 15 min, provided the 
following conditions are accepted: (a) 1000 m as a reasonable average initial height 

for the ground-debris portion of the altitude-stabilized SRM exhaust cloud, and (b) an 
equivalent spherical particle density which ranges from 2 to 3 g/cm2, por smaller 
particles, the settling or residence time becomes increasingly significant, especially 
with respect to cloud microphysics and chemical- reaction processes with substantial 
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downwind transport. Some examples are 30 min for 100 |jm, 1 hr for 65 \m, 2 hr 
for 44 \m, and 4 hr for 30 pm. 

Although detailed calculations for sedimentation with coagulation have not been 
made, the present results are adeguate for defining the following logical set of 
conclusions with regard to the lifetime and distribution of entrained soil in SRM 
exhaust clouds; (1) Sedimentation and coagulation processes (which form agglom- 
erates from supermicron particles mostly by inertial impaction and from submicron 
particles by Brownian diffusion) should lead to deposition of nearly all the 
entrained-soil mass during the first 2 hours after launch in the absence of strong 
updrafts; (2) the distributions of soil particles in the SRM cloud, below it, and 
depositing on the ground will be significantly different at any given time and will 
change rapidly with time; and (3) the distribution of soil particles differs greatly 
from that of alumina-exhaust particulates, which tend to exhibit discrete modes at 
roughly 0,01 pm (fine-particle, high -temperature condensation mode; particles will 
coagulate rapidly), 0.1 pm (accumulation mode), and 1 to 2 pm (coarse-particle 
mode). (See refs. 7, 8, 14, and 15.) Ihe observed alumina spheres of 5 to 20 p,m 
in the postlaunch-pad-debris sample are relatively rare in SRM exhaust (in terms of 
relative number and mass) but nevertheless constitute a fourth coarse-particle mode 
for the alumina. 


Soil Elemental Composition 

Elemental bulk composition data were obtained on all four soil samples with a 
standard neutron-activation-analysis technigue developed and applied by A. K. Furr of 
Virginia Polytechnic Institute and State University. (See ref. 16.) The composi- 
tions in units of parts per million (ppm) by mass are summarized in table II for all 
the measurable elements. The relatively large values for calcium are consistent with 
the visual (including microscopic) appearance of significant numbers of seashell 
fragments in virtually all the samples and fractionated subsamples. These seashell 
fragments, which are known to consist mostly of calcium carbonate along with lesser 
guantities of magnesium and other metal carbonates, can provide a significant 
neutralization capacity for HCl. 


Titration of Soil Slurries with Aqueous HCl 

Selected fractions of soil sample 1, in guantities ranging from 0.1 to 2 g, were 
slurried in 100 ml of distilled water and titrated incrementally with 0.05 molar HCl. 

A pH electrode was used to monitor the continuously stirred slurries. Initially, a 
preselected minimum reaction time of 10 min was used between each rapid addition of 
aqueous HCl and the recording of pH. As shown in the titration history of the largest 
particle-size sample investigated (250 [om < d^ < 354 (jm) in figure 6(a), it soon 
became apparent that a slow buffering process was occurring. Thus, the "standard" 
seguence of rapid incremental titrations, each followed by a 1 0-min stirred reaction 
time, was altered periodically to allow for longer times of specified, but variable, 
duration. Titration was then resumed after each prescribed interval. Asymptotic 
"recoveries" to quasi-steady pH values required much longer than 10 min, and the 
resulting excursions in pH were sometimes very large. Figure 6(b) presents the 
results obtained from the 149 pm < d^ < 190 pm fraction, which had a significantly 
lower neutralization capacity than the larger particles in figure 6(a). Results for 
other selected fractions are shown in figures 6(c) to 6(e). 
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Initial observations which apply to all five fractions investigated, extending 
down to d > 88 pxn, are presented as follows: The soil was slightly alkaline. 

Initial pH'^s for corresponding size fractions (given in parentheses) were: 9.1 

(for 354 to 250 jjm), 8.6 (for 190 to 149 |om) , 8.2 (for 149 to 125 pjn) , 7.6 
(for 125 to 105 jjm), and 7.2 (for 105 to 88 pin). The soil also exhibited a 
significant capacity to neutralize HCl. This capacity varies with particle size. 

The time dependence of neutralization and buffering reactions, which led to pH 
"recovery” over various extended reaction times, was most pronounced for the largest 
fraction but was still significant for the smallest fraction investigated. 

One useful measure of soil-neutralization capacity, which has some significance 
in relation to the deposition of highly acidic rain from SRM exhaust clouds (refs. 17 
to 19), is the ability of soil particles to raise the pH of a strongly acidic solu- 
tion to a more moderate acidity condition, such as pH = 3. By accounting for the 
2 ml of titrant required to acidify the initial water to pH = 3, neutralization 
capacities corresponding to relatively long reaction times were estimated as follows 
for various fractions: >40 g HCl/kg soil (for 354 to 250 pm); 14 g HCl/kg soil (for 
190 to 149 pm); 18 g (for 149 to 125 pm); 22 g (for 125 to 105 pm); and 40 g (for 
105 to 88 pm). A plot of these approximate results suggests that a broad minimum in 
neutralization capacity exists at about 200 pm (for 13 g HCl/kg soil, estimated), 
with particles in the vicinities of >300 pm and <100 pm having substantially higher 
capacities as defined previously. Since the initial slurry pH also decreased most 
rapidly over the size range from 190 to 88 pm, the combined results suggest a tran- 
sition in the composition of neutralizing components for the smaller-size fractions. 

If it is now assumed, in the absence of more complete data, that there is an 
average transient capacity of 20 g HCl/kg soil, and this assumption is combined with 
the previous estimates of entrained-soil mass (10 to 50 metric tons) and of HCl 
source strength up to 2-km altitude (20 metric tons, upper limit), a potential 
neutralization by soil particles of 1 to 5 percent of the total HCl in the Titan III 
ground cloud could occur. 


SUMMARY OF RESULTS 

Soil samples collected at various distances from the Titan III Launch Complex 40 
at Cape Canaveral, Florida, consisted primarily of quartz particles, 30 to 500 pm in 
diameter, but the larger-size fractions also contained seashell fragments. The 
calcium content of the samples was appreciable (2 to 6 percent) based on the neutron- 
activation-analyses measurements • 

The basicity characteristics of soil fractions covering the particle-size range 
from 350 to 90 pm were demonstrated by titration of aqueous slurries with 0.05 molar 
HCl. Initially, all the fractions were slightly alkaline. Characteristic reaction 
times, and capacities for reaction under acidic conditions, were both significant and 
variable with size. With decreasing size, long-term reaction capacity to pH = 3 
attained a broad minimum of 1 3 g HCl/kg soil, centered at «200 p,m. Since the reac- 
tion capacities of particles smaller than 190 pm increased systematically to «40 at 
105 to 90 \jm, whereas the initial slurry pH decreased from 8.6 to 7.2, a transition 
in the composition of neutralizing components occurred for these fractions. For a 
major portion of the soil (>90 percent by mass for >165 pm), the basicity charac- 
teristics in aqueous phase appear to be dominated by calcium-containing seashell 
fragments • 
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Total airborne lifetimes of exhaust-entrained soil particles greater than 
165 jjm are conservatively less than 30 min. Since adsorption of HCl and H 2 O will 
occur, followed by vapor condensation and reaction with HCl(aq), which is known to be 
present in a young SRM exhaust cloud, this major fraction would represent a small- but 
measurable {<5 percent) short-term chemical sink for HCl. Additional removal of 
attached excess HCl(aq) would effectively increase this percentage. However, the 
possible roles of the smaller (<10 percent by mass for <165 |im) minor fractions must 
also be considered. Their airborne lifetimes become progressively longer, adsorption 
of HCl and water will significantly increase their potential activity as giant cloud 
condensation nuclei (>50 |jm), and their subsequent aqueous reactivity per unit of 
mass tends to increase in both rate and extent. 


CONCLUDING REMARKS 

The present differential and ciimulative soil-mass size distributions, sedi- 
mentation lifetimes, mineralogy, elemental compositions, and HCl titration results 
constitute some of the basic information needed to assess Kennedy Space Center soil 
interactions in solid-rocket-motor (SRM) clouds, provided that an initial vertical 
distribution of entrained-soil mass is specified. With respect to the rate and 
extent of chemical reactions with aqueous HCl, the demonstrated time dependency of 
neutralization and buffering is a complication factor. This time -dependent 
neutralization not only influences the ability to deduce HCl scavenging with reaction 
prior to dry or wet deposition but it also significantly affects the accuracy of 
measured chemical compositions of near-field wet deposition occurring during the 
first few minutes and lasting up to several hours. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
September 13, 1982 
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Mass of subsample retained on sieve mesh size 



figure 1.- Raw-mass-dis tribution data for KSC soil sam] 
Gravimetrically determined after sequential sifting 
calibrated sieve screens. Logarithmic interval spa< 
for d^ >149 |jin differ from that for d < 1 49 um 







Cumulative mass fraction with diameter < d 
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Figure 4,- Normalized cumulative mass distributions of 
KSC soil samples 1 to 4 faired with integrated log- 
parabolic distribution function deduced in figure 3, 
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Figure 5.- Characteristic settling time required for spherical particles of 
various densities to fall 1000 m at terminal velocity in still air at 21 °C 
at a pressure of 1 atm. 
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(a) 2.18 g of size fraction; 250 ]jm < < 354 |im; in 100 ml of water. 

Figure 6,- Results of time-sequenced titrations of slurried fractions of KSC soil sample 1 
with 0,05 molar HCl. Each pH value was recorded after 10 min of stirring except where 
minutes are noted on graph. 
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(b) 1.57 q of size fraction; 149 }jm < < 190 |jm; in 100 ml of water. 

Figure 6.- Continued. 
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Figure 6 Continued . 
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